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1. INTRODUCTION {#pro3736-sec-0001}
===============

The nuclear factor of kappa light polypeptide gene enhancer in B‐cells (NFκB)[1](#pro3736-bib-0001){ref-type="ref"} is a central transcription factor crucial to innate/adaptive immunity, cell proliferation, stress response, and apoptosis.[2](#pro3736-bib-0002){ref-type="ref"} The NFκB transcription factor protein family consists of five structurally related subunits that are divided into two classes. Class 1 gene products NFκB1 (p105/p50) and NFκB2 (p100/p52) are synthesized as large precursors (p105 and p100, which contain ankyrin‐repeat domains characteristic of the IκB inhibitors of NFκB) and are processed to give the mature NFκB subunits p50 and p52. Class 2 proteins are also known as Rel proteins.[3](#pro3736-bib-0003){ref-type="ref"} The most common Class 2 protein is RelA (also known as p65), which contains a C‐terminal transactivation domain responsible for the recruitment of other transcriptional co‐regulators, together with the Rel homology region (RHR) common to all five proteins, which contains DNA‐binding and dimerization domains (Figure [1](#pro3736-fig-0001){ref-type="fig"}). Homo‐ or heterodimerization of these proteins creates active NFκB transcription factors. The activity of p50 critically depends on its dimerization status. As a homodimer, p50 acts as a transcriptional repressor for pro‐inflammatory genes and as an enhancer for anti‐inflammatory genes. [4](#pro3736-bib-0004){ref-type="ref"} The most common heterodimer of p50 is with RelA (p65), which can, for example, activate the expression of interferon‐β.[5](#pro3736-bib-0005){ref-type="ref"}

![Domain structure in NFκB proteins. Ank7, region containing 7 ankyrin repeats; DBD, DNA‐binding domain; DD, dimerization domain; Death, death domain; GRR, glycine‐rich region; LZ, leucine zipper domain; RHR, Rel homology domain; TAD, transactivation domain. Numbers indicate sequence positions. The longer proteins of Class 1 are cleaved by proteolysis at sequence positions shown by the vertical arrows](PRO-28-2064-g001){#pro3736-fig-0001}

All members of the NFκB protein family contain a conserved RHR, which contains two immunoglobulin‐like (Ig) domains. The N‐terminal DNA binding domain (DBD) of the RHR mediates specific interaction with the κB consensus DNA sequence 5′‐GGGRNNYYCC‐3′ (with R as unspecific purine, Y as a pyrimidine and N as any nucleotide), but the entire RHR is required for high affinity binding. The C‐terminal dimerization domain (DD) is involved in dimerization, nuclear localization signaling, and interaction with phosphate residues of DNA backbone. In total, NFκB monomers can form 15 different dimers, although many of them have not yet been characterized. The NFκB p50 subunit is derived from its precursor p105 through proteolysis of the ankyrin repeats and the death domain. This cleavage is performed by a co‐translational processing event that includes the 26S proteasome.[6](#pro3736-bib-0006){ref-type="ref"} After proteolysis, the p50 RHR consists of \~300 amino acids. Since there is no transactivation domain, the p50 homodimer does not exhibit any transcriptional activity. The 551‐amino acid RelA (p65) is the transcriptionally active subunit of the p50/p65 heterodimer and contains the Rel homology domain (\~300 residues) and a transactivation domain (TAD). (In the remainder of the paper, we will refer to RelA by its alternative name, p65).

Many structures of DNA complexes of various NFκBs have been solved by X‐ray crystallography.[5](#pro3736-bib-0005){ref-type="ref"}, [7](#pro3736-bib-0007){ref-type="ref"}, [8](#pro3736-bib-0008){ref-type="ref"}, [9](#pro3736-bib-0009){ref-type="ref"} Examples are shown in Figure [2](#pro3736-fig-0002){ref-type="fig"}, which shows that the homodimer of p50 (Figure [2](#pro3736-fig-0002){ref-type="fig"}a) and the heterodimer of p50 and p65 (Figure [2](#pro3736-fig-0002){ref-type="fig"}b) are structurally very similar. Within the κB consensus, the DNA sequences preferred by the homo‐ and heterodimer differ, and presumably the majority of the difference in DNA affinity and sequence preference is encoded in the DNA‐binding domains. Nevertheless, the dimerization domains affect DNA binding, and participate in direct DNA interactions. Unlike the full RHRs, crystal structures have been reported for the dimerization domains alone[10](#pro3736-bib-0010){ref-type="ref"}; the DNA‐contacting residues of the dimerization domains remain oriented in these structures similarly to their positions in the DNA‐bound full‐RHR structures. The present work describes an NMR analysis of a comparison of the solution structural and dynamic behavior of the dimerization domain of p50 in two closely similar environments, designed to determine whether differences in the dynamics of p50 within the two dimers can give insights into differences in DNA sequence preference and other functional differences. The results show that the ps‐ns dynamics of homodimeric p50 are extremely similar to those of the same domain in its heterodimeric complex with p65, but that subtle differences are observed between the two dimers that can be directly ascribed to particular amino acids that differ between the partner subunits p50 and p65.

![Cartoon representation of the X‐ray crystal structures of three of the DNA‐bound dimers of NFκB. (a) Homodimer of p50 in complex with κB DNA (PDB <http://firstglance.jmol.org/fg.htm?mol=1NFK> [7](#pro3736-bib-0007){ref-type="ref"}). DNA sequence TGGGAATTCCC (b) Heterodimer of p50/p65 RHR in complex with κB DNA (PDB <http://firstglance.jmol.org/fg.htm?mol=1VKX> [8](#pro3736-bib-0008){ref-type="ref"}). DNA sequence TGGGGACTTTCC (c) Homodimer of p65 with a κB‐33 sequence (PDB <http://firstglance.jmol.org/fg.htm?mol=2RAM> [26](#pro3736-bib-0026){ref-type="ref"}). DNA sequence CGGCTGGAAATUUCCAGCCG, where U denotes 5‐iodo‐2′‐deoxyuridine‐5′‐monophosphate. In each structure, gray denotes the DNA, blue the p65 DBD, teal the p65 DD, red the p50 DBD, and salmon the p50 DD](PRO-28-2064-g002){#pro3736-fig-0002}

2. MATERIALS AND METHODS {#pro3736-sec-0002}
========================

2.1. Molecular biology {#pro3736-sec-0003}
----------------------

The gene for p50 DD (residues 241--351 of the mouse sequence, UniProt P25799) was cloned into pET‐45b(+) using the restriction enzymes PshAI and HindIII. The sequence included an N‐terminal non‐native extension (sequence VGTGSNDDDD) derived from the cloning process. The shorter construct used to obtain the ^15^N relaxation data (residues 248--350 of the mouse sequence) was the same as previously published.[11](#pro3736-bib-0011){ref-type="ref"} The pEt21a plasmid containing the gene for p65 DD (residues 190--321) was the same as previously published.[11](#pro3736-bib-0011){ref-type="ref"}

2.2. Protein expression and purification {#pro3736-sec-0004}
----------------------------------------

For protein expression of p50 DD, the plasmid was transformed into *Escherichia coli*, BL21 T1R applying heat shock transformation. The cells were transferred into LB media supplemented with carbenicillin to grow at 37°C while shaking at 150 rpm for 14 hr. From this LB pre‐culture, 1 ml was transferred into HD glucose media supplemented with carbenicillin to grow at 37°C while shaking at 150 rpm for 14 hr. This step was repeated for a second time. The last HD glucose pre‐culture was used to inoculate the main culture to an OD~600~ of 0.1. After growing to an OD~600~ of 0.8 the cells were harvested (4,000 g, 10 min, GS‐3, Sorvall) and resuspended in ^13^C/^15^N/^2^H isotopically‐enriched HD glucose media. After an incubation time of 1 hr, protein expression was induced using 1 mM IPTG at 37°C while shaking at 110 rpm. Expression of triple labelled p50 DD was carried out for 6 hr. Cells were harvested after 8 hr (4,000*g*, 10 min, GS‐3, Sorvall), resuspended in equilibration buffer and stored at −20°C. For protein expression of p65 DD, the plasmid was transformed into *E. coli* BL21 T1R applying heat shock transformation. The cells were transferred into LB media supplemented with carbenicillin to grow at 37°C while shaking at 150 rpm for 14 hr. From this LB pre‐culture, 10 ml were transferred into HD acetate media supplemented with carbenicillin to grow at 37°C while shaking at 150 rpm for 14 hr. This step was repeated for a second time. The last HD acetate pre‐culture was used to inoculate the main culture to an OD~600~ of 0.1. After growing to an OD~600~ of 0.8 the cells were harvested (4,000*g*, 10 min, GS‐3, Sorvall) and resuspended in ^2^H isotopically‐enriched HD acetate media. After an incubation time of 1 hr, protein expression was induced using 1 mM IPTG at 37°C while shaking at 110 rpm. Cells were harvested after 8 hr (4,000 g, 10 min, GS‐3, Sorvall), resuspended in equilibration buffer and stored at −20°C. The cells were lysed by sonication on ice for 10 min. Cell debris was removed by centrifugation in an SS‐34 rotor (Sorvall) at 12,500 rpm at 4°C for 45 min. All proteins in this study contained a hexa‐histidine tag, and were purified using immobilized metal (Ni^2+^) affinity chromatography (IMAC). First, the column was equilibrated with 2 column volumes (CV) equilibration buffer (Ni NTA). The p50 DD lysate either alone (homodimer) or together with the p65 DD lysate (heterodimer) was loaded onto the column. The unbound molecules were removed using 5 CV equilibration buffer (Ni NTA). Elution was performed by applying a linear gradient ranging from 0% to 100% elution buffer (Ni NTA) and pooled in 3 ml fractions. The flow rate was set to 1 ml/min for every step and observed using UV light at 280 nm. Protein containing fractions were analyzed by SDS‐PAGE, pooled together, and concentrated by centrifugation (5,000*g*, 5810 R, Eppendorf) using a membrane with a molecular weight cut‐off (MWCO) of \>10 kDa (Amicon). Buffer exchange was carried out with Zeba Spin Desalting Columns (ThermoFisher Scientific) equilibrated with NMR buffer (50 mM HEPES, pH 6.8, 150 mM DTT, 90% H~2~O, 10% ^2^H~2~O). Protein concentration of p50 DD (*ε* = 12,950 M^−1^ cm^−1^) homodimer was determined by measuring A~280~ using NanoDrop. For ion exchange chromatography, a Mono Q column was equilibrated with 5 CV equilibration buffer. Then, the p50 DD/p65 DD heterodimer was loaded onto the column and unbound molecules were removed using 5 CV equilibration buffer (Mono Q). The elution was achieved by applying a linear gradient ranging from 0% to 100% elution buffer (Mono Q). Fractions of 200 μl were collected, analyzed by SDS‐PAGE, and pooled. Protein concentration (*ε* = 24,410 M^−1^ cm^−1^) was determined by measuring A~280~ using NanoDrop. For protein purification of p65 DD a co‐purification method was developed since p65 DD His was not expressed in soluble form. The aim of co‐purifying p65 DD and p50 DD is getting 1:1 stoichiometry of the heterodimer. However, due to different levels of protein overexpression there was always more p50 DD observed than p65 DD. Therefore, anion exchange chromatography using a Mono Q column was applied to all elution fractions containing p65 DD to obtain a higher concentration of heterodimer. Finally, all fractions containing 1:1 ratio p50 DD/p65 DD heterodimer were pooled and concentrated using a 10 kDa cut‐off membrane, followed by buffer exchange into NMR buffer.

2.3. NMR spectroscopy {#pro3736-sec-0005}
---------------------

All NMR experiments were carried out on Bruker DRX 600, Avance III HD 700, and Avance III 800 spectrometers. For backbone assignments of the homodimer of the dimerization domain of NFκB1 (p50), a 1.5 mM ^2^H(70%)/^15^N/^13^C‐isotopically enriched sample in NMR‐buffer was used. For the assignment of H~N~, C~α~/C~β~, and N resonances, TROSY‐based deuterium‐decoupled versions of 3D HNCACB and HN(CO)CACB spectra were recorded at 298 K on a Bruker Avance III 800 spectrometer. To increase spectral resolution, non‐uniform sampling was carried in the ^13^C dimension. 30% of complex points were recorded and reconstructed by NMRpipe[12](#pro3736-bib-0012){ref-type="ref"} and MDD.[13](#pro3736-bib-0013){ref-type="ref"} Spectra were analyzed using CCPNMR2.7.[14](#pro3736-bib-0014){ref-type="ref"} R~1~ and R~2~ relaxation data were measured on a 1 mM ^15^N‐labeled NMR sample of the short version (residues 250--352) of the homodimer of the dimerization domain of NFκB1 (p50). Standard Bruker pulse programs[15](#pro3736-bib-0015){ref-type="ref"} were used and data were recorded on a Bruker Avance III HD 700 MHz spectrometer at 298 K. For R~2~ relaxation measurements, delays of 0, 10, 30, 50, 70, 90, 110, 130, 150, 170, 190 ms were used. Delays of 20, 100, 140, 180, 200, 300, 500, 750, 1,000, 1,400 ms were used for R~1~ relaxation measurements. Relaxation data were processed using TopSpin 3.5 and spectra were analyzed and the data were fitted using CCPNMR 2.7.[14](#pro3736-bib-0014){ref-type="ref"} The correlation time *τ* ~C~ was calculated by applying the following Equation [(1)](#pro3736-disp-0001){ref-type="disp-formula"}:$$\tau_{c} \approx \frac{1}{4\pi\nu_{N}}\sqrt{6\frac{R_{2}}{R_{1}} - 7}$$

Heteronuclear steady‐state {^1^H}‐^15^N NOE spectra[16](#pro3736-bib-0016){ref-type="ref"} were acquired in triplicate with and without presaturation and an interscan delay of 10 s. Resonances were integrated and normalized using the analysis module of the CCPNMR software suite.[14](#pro3736-bib-0014){ref-type="ref"} ^15^N amide R~1~ and R~2~ relaxation times were calculated from least squares fitting to a mono‐exponential function.

Model‐Free analysis of ^15^N R~1~, ^15^N R~2~, and {^1^H}‐^15^N NOE data sets acquired at 700 MHz for p50 DD homodimer and heterodimer was performed using in‐house software[17](#pro3736-bib-0017){ref-type="ref"} incorporating the extended Lipari−Szabo formalism.[18](#pro3736-bib-0018){ref-type="ref"}, [19](#pro3736-bib-0019){ref-type="ref"}, [20](#pro3736-bib-0020){ref-type="ref"} An axially symmetric diffusion tensor was optimized for the p50 DD homodimer \[Protein Data Bank (PDB) entry <http://firstglance.jmol.org/fg.htm?mol=1NFK>\], and the p50‐p65 DD heterodimer (PDB entry <http://firstglance.jmol.org/fg.htm?mol=1VKX>) for residues with {^1^H}‐^15^N NOEs of \>0.65 at 700 MHz. The N---H bond length used in the analysis was 1.02 Å and the ^15^N chemical shift anisotropy was set at −160 ppm. To determine the best model for each residue Bayesian Information Criterion (BIC)[5](#pro3736-bib-0005){ref-type="ref"} was performed after excluding unrealistic models for which S^2^ \> 1, *τ* ~e~ \< 0 ns, and/or R~ex~ \< 0. Errors in the Model‐Free parameters were determined from 500 Monte Carlo simulations.

3. RESULTS {#pro3736-sec-0006}
==========

3.1. p50 DD backbone resonance assignments {#pro3736-sec-0007}
------------------------------------------

The ^1^H‐^15^N HSQC spectrum of the homodimeric dimerization domain of NFκB1 (p50 DD) is well dispersed and over 90% of backbone resonances have been assigned (Figure [S1](#pro3736-supitem-0001){ref-type="supplementary-material"}). Missing resonances include the backbone amides of Y316, K317, D318, L331, and R332. Resonance assignments for the homodimer of the dimerization domain of NFκB1 (p50 DD) have been deposited at the BioMagResBank under accession number 27915. Secondary structure elements for the p50 dimerization domain in the homodimer, identified from chemical shifts,[21](#pro3736-bib-0021){ref-type="ref"} are consistent with the 10 β‐strands (and no α‐helices) observed in the crystal structures.

The 2D ^1^H‐^15^N HSQC spectrum of the heterodimer of p50 DD in complex with p65 DD is shown in [Figure S2](#pro3736-supitem-0001){ref-type="supplementary-material"}. The missing cross peaks are similar to those seen for the homodimer: residues 316--318 and 331--332, and additionally, R252. Resonance assignments for p50 DD in the heterodimer with p65 DD have been deposited at the BioMagResBank under accession number 27916.

The two spectra in Figures [S1](#pro3736-supitem-0001){ref-type="supplementary-material"} and [S2](#pro3736-supitem-0001){ref-type="supplementary-material"} are shown superimposed in Figure [3](#pro3736-fig-0003){ref-type="fig"}. Many of the cross peaks are in identical positions; those that differ between them presumably indicate sites of contact on the p50 DD and perhaps slight differences in structure between the two dimers.

![Superposition of 2D ^1^H‐^15^N HSQC spectra of triple labelled p50 DD homodimer (red) and p50 DD in complex with unlabeled p65 DD (blue). The expanded region shows the crowded central region in more detail. Labels in parentheses refer to assignments for a short non‐native N‐terminal segment](PRO-28-2064-g003){#pro3736-fig-0003}

The weighted average chemical shift difference (Δ*δ* ~av~ = √\[(Δ*δ* ~H~)^2^ + (Δ*δ* ~N~/5)^2^) for each assigned residue in the p50 DD sequence is plotted in Figure [4](#pro3736-fig-0004){ref-type="fig"}.

![Weighted average chemical shift difference Δ*δ* ~av~ between p50 DD as homodimer and in complex with p65 DD derived from 2D ^1^H‐^15^N HSQC spectra. Gray line shows the average chemical shift difference, orange line (average + 1 *SD*) and red line (average + 2*SD*s). Blue dots at the baseline indicate missing dimer‐interface resonances in one or both of the spectra. Green dots show the positions of proline residues. The locations of β‐strands in the structure of p50 are shown as bars at the top of the figure](PRO-28-2064-g004){#pro3736-fig-0004}

3.2. NMR relaxation experiments {#pro3736-sec-0008}
-------------------------------

Measurement of relaxation at a residue level can give information on the local motions of the polypeptide chain, and a residue‐specific estimate of the flexibility of each part of the protein. For estimates of picosecond‐nanosecond motion, three sets of NMR spectra are commonly acquired using protein labeled with ^15^N: the ^15^N R~1~ (the longitudinal relaxation rate), ^15^N R~2~ (the transverse relaxation rate), and the heteronuclear steady‐state {^1^H}‐^15^N nuclear overhauser enhancement (NOE). The relatively long (non‐native) disordered N‐terminus of the p50 DD construct complicates the acquisition and analysis of relaxation data.[22](#pro3736-bib-0022){ref-type="ref"} ^15^N R~1~, ^15^N R~2~, and {^1^H}‐^15^N NOE spectra were therefore recorded for a shorter version of the p50 DD in the homodimer and heterodimer at 298 K and at a proton Larmor frequency of 700 MHz. Relaxation rates were determined by best‐fitting of the decay curve to single exponential function A∙e^−Bx^. Relaxation data have been deposited in the BMRB under accession numbers 27,915 and 27,916. A comparison of the results for the two dimers at 700 MHz is shown in Figure [5](#pro3736-fig-0005){ref-type="fig"}. Steady‐state heteronuclear {^1^H}‐^15^N NOEs for well‐structured protein regions are usually above 0.8. For p50 DD in both the homodimer and heterodimer, the loop region from residues 287--294 of the sequence that connects two β sheets (Figure [5](#pro3736-fig-0005){ref-type="fig"}c) appears to have significantly lower heteronuclear NOE values. The same region shows an upward excursion in R~1~ and a downward excursion in R~2~.

![Backbone R~1~ and R~2~ relaxation rates and heteronuclear steady‐state {^1^H}‐^15^N NOE data of p50 DD (250--352) in the homodimer (red) and in the heterodimer (blue), measured at 700 MHz. (a) R~1~ relaxation rates. Error bars represent standard deviations from data fitting. (b) R~2~ relaxation rates. Error bars represent standard deviations from data fitting. (c) Heteronuclear steady‐state {^1^H}‐^15^N NOE data were recorded in triplicate and averaged. Error bars indicate one standard deviation from the mean of 3 repeated experiments. The locations of β‐strands in the structure of p50 are shown as bars at the top of each panel](PRO-28-2064-g005){#pro3736-fig-0005}

The p50 heteronuclear NOE (Figure [5](#pro3736-fig-0005){ref-type="fig"}c) and R~1~ (Figure [5](#pro3736-fig-0005){ref-type="fig"}a) do not show a consistent difference between the homodimer and heterodimer, but there does appear to be a trend in R~2~ (Figure [5](#pro3736-fig-0005){ref-type="fig"}b) toward lower values for the homodimer. A plot of R~2~/R~1~ ratio according to the amino acid sequence of p50 DD is shown in Figure [6](#pro3736-fig-0006){ref-type="fig"}.

![R~2~/R~1~ ratios at 700 MHz for p50 DD (250--352) either as homodimer (red) or in complex with p65 DD (blue). The horizontal red line indicates the average R~2~/R~1~ value of 36.5 for the structured region of the homodimer, whereas the horizontal blue line marks the average of 39.5 for the same region of the p50/p65 DD heterodimer. The locations of β‐strands in the structure of p50 are shown as bars at the top of the figure](PRO-28-2064-g006){#pro3736-fig-0006}

The average R~2~/R~1~ for the structured core of the p50 DD are 36.5 for the homodimer (red line) and 39.5 for the heterodimer (blue line). The overall trend of the R~2~/R~1~ ratio is very similar for the two dimers, but the average for the p50 DD homodimer is about 8% lower than for the p50/p65 DD heterodimer. Values for the correlation time *τ* ~*c*~ were calculated according to Equation [(1)](#pro3736-disp-0001){ref-type="disp-formula"} with ν~N~ as the ^15^N resonance frequency (see [Section 2](#pro3736-sec-0002){ref-type="sec"}).[23](#pro3736-bib-0023){ref-type="ref"} This yields *τ* ~*c*~ values of 16.6 ns for the 29.5 kDa p50 DD homodimer and 17.3 ns for the 30.1 kDa p50/p65 DD heterodimer.

When the relaxation measurements are obtained for systems that can be described by a single correlation time, they can be further analyzed to give overall estimates of the extent and timescale of local molecular motion using the Model‐Free formalism,[18](#pro3736-bib-0018){ref-type="ref"}, [19](#pro3736-bib-0019){ref-type="ref"} together with the Modelfree computer program.[24](#pro3736-bib-0024){ref-type="ref"} The results of Modelfree analysis for p50 DD in the two dimers are shown in Figure [7](#pro3736-fig-0007){ref-type="fig"}. The excursion in the order parameter S^2^ for residues 285--290 reflects the data in all three panels of Figure [5](#pro3736-fig-0005){ref-type="fig"}, and represents a region that is highly flexible on the ps‐ns time scale. In addition, this region shows a consistent contribution of the internal correlation time *τ* ~e~ for both of the dimers, an indication that this loop is also flexible on a ns time scale. No requirement of an R~ex~ correction is observed for this region, indicating that it is not flexible on the ms time scale. The R~ex~ data shown in Figure [7](#pro3736-fig-0007){ref-type="fig"}(c) are widely variable for both dimers, and the presence of so many of them, together with the large number of S^2^ values very close to 1, likely indicates that the precision of the relaxation data is not ideal.

![Model‐free parameters calculated for the homodimer (red) and the heterodimer (blue). β‐strands are indicated by black bars in each panel](PRO-28-2064-g007){#pro3736-fig-0007}

4. DISCUSSION {#pro3736-sec-0009}
=============

4.1. p50 DD is a symmetric homodimer {#pro3736-sec-0010}
------------------------------------

The resonance linewidths shown for the two spectra in Figure [3](#pro3736-fig-0003){ref-type="fig"} are comparable, indicating that the p50 DD is present as a dimer in both species. A homodimer of p50 is to be expected, as the dissociation constant of the p50 homodimer (0.4 ± 0.05 μM; E. Komives, personal communication) dictates that the molecule would be largely dimeric at the 1.5 mM concentration used for the NMR experiments. The presence of a single set of cross peaks in the ^1^H‐^15^N HSQC spectrum indicates that the homodimer is symmetric (i.e., the two monomer units have the same structure). The presence of the homodimer was also indicated by the correlation time *τ* ~C~ calculated from the average *R* ~1~ and *R* ~2~ relaxation rates. The value of *τ* ~C~ obtained for p50 under the conditions of the NMR experiments corresponds to a molecular mass of \~30 kDa, consistent with the presence of a dimer rather than a monomer.

4.2. Chemical shift differences of p50 DD in the two dimers {#pro3736-sec-0011}
-----------------------------------------------------------

Assignments for the p50 DD in the homodimer are largely complete, except for residues 316--318, and 331, for which cross peaks in ^1^H‐^15^N spectra are missing. For p50 DD in complex with p65 DD, cross peaks are missing for residues 252, 316--318, and 331--332. The spectra, particularly those of the heterodimer, also show low‐intensity cross peaks in the ^15^N HSQC for a number of other residues, with the consequence that the assignments for these residues are incomplete due to low signal intensity in the 3D experiments. The low‐intensity cross peaks include several residues (R252, D254, Y267, L269, C270) in the dimerization interface.[8](#pro3736-bib-0008){ref-type="ref"}

Resonance assignments for p50 in the two different dimers can be compared directly to give a measure of the difference in the local environment of a given nucleus in the two complexes. Larger values of the average chemical shift difference Δ*δ* ~av~ plotted in Figure [4](#pro3736-fig-0004){ref-type="fig"} indicate greater differences between the two environments. Predictably, the greatest chemical shift differences are observed in the dimerization interface. The low intensity of several of the interface resonances, particularly in the heterodimer, is a sign of dynamics in the interface on a time scale of milliseconds or longer. Broadening of resonances in local regions is usually an indicator of exchange between two or more states on a time scale that is intermediate on the NMR chemical shift time scale. In the case of the p50‐p65 heterodimer, this observation suggests the presence of breathing motions in the dimer interface. Intriguingly, the residues with low‐intensity resonances have been shown by mutagenesis and measurement of binding constants to mediate dimer affinity.[9](#pro3736-bib-0009){ref-type="ref"}

Residues for which the chemical shifts differ between the two dimers more than 1 or 2 *SD*s from the mean difference (plotted in Figure [4](#pro3736-fig-0004){ref-type="fig"}) are shown mapped onto the structures of the two dimers in Figure [8](#pro3736-fig-0008){ref-type="fig"}, which also shows the residues for which cross peaks in the ^1^H‐^15^N HSQC are missing or of low intensity.

![Crystal structures of the dimerization domain of p50 in (a) the homodimer (same structure as Figure [2](#pro3736-fig-0002){ref-type="fig"}a[7](#pro3736-bib-0007){ref-type="ref"}) and B. the heterodimer with p65 (same structure as Figure [2](#pro3736-fig-0002){ref-type="fig"}(b)[8](#pro3736-bib-0008){ref-type="ref"}). Amino acids with (^1^H, ^15^N) average chemical shift differences between the homodimer and heterodimer (data from Figure [4](#pro3736-fig-0004){ref-type="fig"}) are shown in dark red for differences greater than 2 *SD*s from the mean and in salmon for differences greater than 1 *SD* from the mean. The DNA (not shown) is positioned at the bottom of each structure. Residues shown in green have missing or low‐intensity cross peaks in the ^1^H‐^15^N HSQC, likely as a result of exchange between conformers with different structures on an intermediate time scale. The two p50 subunits in the homodimer are shown in pink and yellow in a; only one of the interfaces is highlighted. The p50 subunit is in pink in b, with the p65 subunit in blue. Arrows indicate the flexible loop near residue 290](PRO-28-2064-g008){#pro3736-fig-0008}

Residues that experience the greatest chemical shift differences are clustered in the dimerization interface. Since the data represent differences between the two dimers, the dark red and salmon spheres in Figure [8](#pro3736-fig-0008){ref-type="fig"} are the same in parts A and B. The green spheres, representing weak or missing amide resonances, differ between the two dimers. It is noticeable that two of the residues that show large chemical shift differences, Thr256 and Ala257, are located outside the dimer interface in both dimers. For the p50‐p65 heterodimer, the green residues, with amide resonances broadened by local exchange processes, are localized between these outliers and the main dimer interface. These results suggest that the outliers experience chemical shift differences between the homodimer and the heterodimer as a result of increased flexibility on a millisecond time scale in the heterodimer. In principle, the relaxation data should give information about this suggestion. If the heterodimer is experiencing exchange in the region 252--255, we would expect to see exchange contributions in the model‐free analysis in this region. Figure [7](#pro3736-fig-0007){ref-type="fig"}c shows rather generalized R~ex~ contributions throughout the molecule, and the area around residue 255 shows no difference in R~ex~ between the homo‐ and heterodimer. As discussed in the following section, the precision of the relaxation data may not be sufficient to make definitive statements on this subject.

The chemical shift changes experienced by individual residues can be ascribed to specific differences in residues in the dimer interface between p50 and p65. For Tyr267, a large perturbation would be expected, since it contacts Phe212 of p65 DD in the heterodimer, one of three interface residues that differ between p50 and p65 monomers. Another residue that discriminates between the homo‐ and heterodimer interfaces is Asp254. In the heterodimer, there is a hydrogen bond between Asp254 of p50 and Asn199 of p65,[8](#pro3736-bib-0008){ref-type="ref"} which contributes to the stability of the heterodimer.

Interestingly, some of the major chemical shift differences occur close to the DNA‐binding interface of the p50DD, located at Arg305 and Gln306 (Figure [8](#pro3736-fig-0008){ref-type="fig"}). Structural differences observed between the two crystal structures in this region could be due to differences in the DNA sequences: since different κB DNA sequences are favored by the p50‐p50 homodimer and the p50‐p65 heterodimer,[8](#pro3736-bib-0008){ref-type="ref"} the crystal structure of p50‐p65 heterodimer was solved in complex with 5′‐TGGGGACTTTCC‐3′ (immunoglobulin κ light‐chain gene), whereas the p50 homodimer was crystallized bound to 5'‐GGGGATTCCCC‐3′.[25](#pro3736-bib-0025){ref-type="ref"} Despite these differences in composition, the orientation of residues in both homo‐ and heterodimer crystal structures is very similar.[8](#pro3736-bib-0008){ref-type="ref"}, [25](#pro3736-bib-0025){ref-type="ref"} Bearing in mind that we are studying the free dimerization domains in the absence of either DNA or the attached DNA‐binding domains, our observation of large chemical shift differences in this region therefore argues either for a structural change not visible in the crystal, or for a change in local dynamics of the p50 DD in the presence of p65 DD, compared to its homodimer.

4.3. Backbone relaxation of p50 DD in the homo‐ and heterodimer {#pro3736-sec-0012}
---------------------------------------------------------------

Local picosecond‐nanosecond motions of the polypeptide backbone can be estimated using NMR relaxation data. Trends in the relaxation data (Figure [5](#pro3736-fig-0005){ref-type="fig"}) are very similar for the p50 DD in the homo‐ and heterodimer, particularly for the {^1^H}‐^15^N NOE. Values for residues close to the N‐ and C‐termini are lower than for the majority of the protein, consistent with flexibility at the ends of the protein, as has been observed previously for most other proteins. The {^1^H}‐^15^N NOE shows a dip around residue 290 in both dimers, corresponding to a flexible loop between two β‐strands (indicated by p50DD is present in Figure [8](#pro3736-fig-0008){ref-type="fig"}). This loop is the site of the largest temperature factors in the respective crystal structures.[7](#pro3736-bib-0007){ref-type="ref"}, [8](#pro3736-bib-0008){ref-type="ref"} The major difference between the homo‐ and heterodimers is in the R~2~ relaxation behavior, which is reflected more clearly in the R~2~/R~1~ ratio shown in Figure [6](#pro3736-fig-0006){ref-type="fig"}. The ratio is consistently lower for the homodimer, giving a smaller overall tumbling time *τ* ~C~. The R~2~/R~1~ ratio is correlated in a general way with the molecular weight: for molecules of the same shape, a larger molecule should have a larger *τ* ~C~. The molecular shapes of the two dimers are very similar, and the molecular weights of the homodimer (29.5 kDa) and heterodimer (30.1 kDa) are virtually identical. The difference in the calculated *τ* ~C~ is small but consistent with the slightly higher molecular weight of the heterodimer.

Calculation of Model‐free parameters from the relaxation data obtained for the two dimers showed generally high values of the order parameter *S* ^2^, consistent with the all‐β structures of the two dimers. Interestingly, the *S* ^2^ values recapitulate the small systematic difference in the overall R~2~ values shown in Figures [5](#pro3736-fig-0005){ref-type="fig"} and [6](#pro3736-fig-0006){ref-type="fig"}. This may be an indication that the precision of the data, collected at only one magnetic field, is lower than would allow us to make definitive statements about differences in this case. The loop region around residue 90 shows increased flexibility, indicated by lowered *S* ^2^ values; the flexibility in this region appears to be specifically on a timescale of \~1 ns, as shown by the group of *τ* ~e~ values around residue 290 (Figure [7](#pro3736-fig-0007){ref-type="fig"}b). Both of the dimers show rather generalized exchange contributions R~ex~ throughout the p50 sequence (Figure [7](#pro3736-fig-0007){ref-type="fig"}c). This may be an indication that the axially‐symmetric model employed in these calculations is not completely appropriate, although other technical issues with data precision and experimental execution may be responsible for the occurrence of generalized exchange contributions and order parameters that anomalously approach 1.

The chemical shift differences between homo‐ and heterodimers at Arg305 and Gln306 (Figures [4](#pro3736-fig-0004){ref-type="fig"}, [8](#pro3736-fig-0008){ref-type="fig"}) are not reflected in the ps‐ns dynamics shown in Figures [5](#pro3736-fig-0005){ref-type="fig"} and [7](#pro3736-fig-0007){ref-type="fig"}. However, Figure [8](#pro3736-fig-0008){ref-type="fig"} shows that these residues are close to a region with low‐intensity amide resonances. If these residues are experiencing chemical exchange on an intermediate time scale, we might expect this to be reflected in the R~ex~ terms shown in Figure [7](#pro3736-fig-0007){ref-type="fig"}. Again, the precision of the relaxation data does not appear to allow us to observe an enhanced exchange term in this region.

5. CONCLUSION {#pro3736-sec-0013}
=============

The results reported in this work provide an excellent example of the utility of NMR measurements in the characterization of minute differences in structure and dynamics of closely related molecules. Indeed, the entity under study, the p50 dimerization domain, is identical in the two dimers, yet significant differences are seen in their NMR behavior that can be correlated with local sequence differences between the partner subunits in the homo‐ and heterodimers. These results provide a basis for further studies of the functionally distinct NFκB dimers, allowing us to address important biological questions, such as the source of differences in DNA sequence specificity, the effects of mutations in the DNA sequence and the molecular‐level consequences of drug binding on NFκB‐DNA interactions.

Supporting information
======================

###### 

**Figure S1** 600 MHz ^1^H‐^15^N HSQC spectrum of the homodimer of the p50 dimerization domain (DD) isotopically enriched with ^15^N, showing resonance assignments. The central overlapped region has been expanded for clarity.

**Figure S2.** 600 MHz ^1^H‐^15^N HSQC spectrum of the heterodimer of the p65 dimerization domain with the p50 dimerization domain (DD) isotopically enriched with ^15^N, showing resonance assignments. The central overlapped region has been expanded for clarity. Cross peaks marked with x probably represent a small amount of impurity.

###### 

Click here for additional data file.
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